Tendons connect muscle to bone and play an integral role in bone and joint alignment and loading. Tendons act as pulleys that provide anchorage of muscle forces for joint motion and stability, as well as for fracture reduction and realignment. Patients that experience complex fractures also have concomitant soft tissue injuries, such as tendon damage or rupture. Tendon injuries that occur at the time of bone fracture have long-term ramifications on musculoskeletal health, yet these injuries are often disregarded in clinical treatment and diagnosis for patients with bone fractures as well as in basic science approaches for understanding bone repair processes. Delayed assessment of soft tissue injuries during evaluation of trauma can lead to chronic pain, dysfunction, and delayed bone healing even following successful fracture repair, highlighting the importance of identifying and treating damaged tendons early. Treatment strategies for bone repair, such as mechanical stabilization and biological therapeutics, can impact tendon healing and function. Because poor tendon healing following complex fracture can significantly impact the function of tendon during bone fracture healing, a need exists to understand the healing process of complex fractures more broadly, beyond the healing of bone. In this review, we explored the mechanical and biological interaction of bone and tendon in the context of complex fracture, as well as the relevance and potential ramifications of tendon damage following bone fracture, which has particular impact on patients that experience complex fractures, such as from combat, automobile accidents, and other trauma.
Introduction
The occurrence of complex and compound bone fractures can lead to increased risk of long-term issues, such as non-unions and infection [1, 2] . Successful healing of complex fractures depends on multiple factors, including the anatomical site of injury, the magnitude of complexity, and the involvement of damage to surrounding soft tissues, such as tendons. Yet tendon damage often goes overlooked during treatment and intervention of bone fractures, and long-term ramifications of tendon damage can prolong musculoskeletal dysfunction and disuse [3] . Tendons are essential for transmitting muscle loads to the skeleton and stabilizing joints, including during the healing process [4] . While the interplay of these two interfacing tissues during complex healing remains unclear, the healing processes that drive tendon and bone repair are overlapping, although basic studies primarily focus on outcomes associated with either bone fracture or tendon healing alone. In clinical cases of complex fractures that experience both bone and soft tissue damage, soft tissue and tendon healing are likely needed in order for bone healing to be successful. In this review, we explore the mechanical and biological interaction of bone and tendon in the context of complex fracture, as well as the relevance and potential ramifications of tendon damage following bone fracture, which has particular impact on patients that experience complex fractures, such as from combat, automobile accidents, and other trauma.
Of particular interest to concomitant soft tissue injuries and bone fracture are the musculoskeletal injuries experienced in the military [5] , with open fractures constituting over 80% of military service-associated fractures [6] . The Joint Theater Trauma Registry reported that open fractures constituted 82% of combat-associated [7] fractures in Iraq from 2001 to 2005. Complications arise from injuries caused by cases of concurrent soft tissue injury and bone fracture due to highenergy impacts, sports, and motor vehicle accidents [8] . Concurrent injuries involving tendon/soft tissue damage and bone fracture require repair of both structures, and additional stabilization by fixation of the fracture, adding to the surgical rigor of the repair process [8] . However, the primary musculoskeletal diagnosis following trauma is often that of bone fracture, with marginal attention paid to damaged tendons and ligaments, likely because triage protocols involve radiography (which precludes diagnosis of non-radiopaque soft tissue damage) [9] . This delay in diagnosis of tendon injuries may result in its delayed healing, exacerbating the effects of the injury. Yet intact soft tissues play a critical role in promoting a sufficient bone healing process primarily by providing stability and protection from infection [10] [11] [12] , and severe concomitant soft tissue injuries can lead to impaired bone healing, non-unions, and pseudarthrosis [13, 14] .
Complex fractures, such as open fractures (in which bone breaks through skin; mangled limbs), undergo a multifaceted healing process, with biological and mechanical factors contributing significantly to the healing process (e.g., need for revascularization, delivery of biological factors, and mechanical stability) [15] [16] [17] [18] [19] . For example, vascular injuries result in delayed healing in nearly 50% of all tibial fractures [20] . Further complication and delay in fracture healing can be exacerbated by concomitant soft tissue injuries, such as tendon damage or rupture [19] . Yet diagnosis and treatment of soft tissue injuries at time of fracture may be missed clinically, as mentioned above, and poor soft tissue healing is a limiting factor for sufficient treatment and healing of musculoskeletal injuries [19, [21] [22] [23] . For patients with complex fractures, the risk of deep infection increases with time following soft tissue debridement (approximately 22% increased risk if debridement is delayed for 48 h post-fracture), further exacerbating the risks associated with bone healing [24] . Concomitant soft tissue injuries can occur with both open and closed fractures. By the age of 50, the risk of experiencing any type of fracture is~50% for women and 20% for men [25] . However, complex fractures that involve soft tissue damage are more common in younger populations (< 40 years of age) following a traumatic or high-energy event [25] . For example, of all complex type III fractures, open fractures have with an incidence rate of 42% and commonly occur with severe periosteal stripping, soft tissue damage, and vascular [26] [27] [28] . Diagnosis and treatment of soft tissue injuries is a limiting factor for sufficient treatment and healing of concomitant injuries [21, 23] . This is, in part, because tendon is required for the mechanical stability of bone during healing and also because of the role of tendon in connecting skeletal muscle to bone. Thus, identifying the contribution of tendon to both mechanical and biological cues that influence bone healing may help improve both bone and tendon healing following complex fractures.
Intact soft tissues play a role in promoting a sufficient bone healing process by providing tension and realignment during repair as well as protection from infection [2, 14, 29] . Depending on the anatomical site, the rate of complex long bone fractures can be high. For example, nearly 45% of long bone fractures per year in the UK are open tibial diaphyseal fractures [18] . Fractures of the distal tibia have a higher susceptibility to open and complicated fractures due to the limited soft tissue coverage and structural anatomy [30] . The mode of fracture is a determining factor in the fracture healing process, and highenergy trauma often leads to damage to soft tissues that can delay the bone healing process [19, [31] [32] [33] . This has been shown through enhancement of complex open fracture healing in presence of soft tissue coverage during early stages of healing [19] . In addition, anatomical location and the biomechanical properties of connective tissues may also be important determinants of the type of the injury. On the other hand, fragmental bone avulsion, rather than midsubstance or insertional tear, is common for tendons with strong attachments, such as for the peroneus brevis, a tendon that inserts at the base of fifth metatarsal [34] . Concomitant soft tissue injuries and associated fractures are often reported as tears with distal and proximal long bone fractures, such as rupture of the medial collateral ligament with lateral condyle fracture, posterior cruciate ligament tears with tibial plateau avulsion fractures, and ipsilateral rupture of quadriceps tendon with distal tibia fracture [21, 35, 36] . Achilles tendon rupture commonly occurs with supination-adduction injuries of the ankle [37] [38] [39] [40] [41] [42] . Similarly, case studies of concomitant fractures in the arm include flexor tendon rupture [23] , avulsion ruptures of the triceps tendon [43] , and scaphoid fracture with ligament rupture [44] . Because tendons and ligaments provide stability to long bones and joints, damage to these structures likely plays a significant role in the ability of bone to heal.
Yet published reports of complex fractures with soft tissue injuries are often limited to specific case studies, with few reports exploring the cause of and healing outcomes of tendon damage associated with concomitant, complex fractures. This is likely because the effect of soft tissue coverage and injury on the healing process is multifaceted [19, 45] . The processes and requirements for both tendon and bone repair have appreciable and overlapping similarities in how fibrous, connective tissue and subcritical defects to be healed. For example, stability is required for reintegration and bridging of both broken bone and torn tendon. Tendon repair involves contributions from the surrounding paratenon [46, 47] , which resembles the process that the periosteum plays in fracture repair [48, 49] , including the formation of a Bcallus^-like morphology (Fig. 1h, i) [52] . In addition, the two tissues exhibit overlapping transcriptional and cellular signals that are essential for both tendon repair and bone fracture healing [4] . By appreciating the role that tendon plays in the healing outcomes following bone fracture, we will be able to develop more robust and improved strategies for bone healing and following trauma.
Mechanisms of Tendon Healing
Tendon injuries are also a common injury and lead to pain, disability, and limited joint function [53] [54] [55] . To understand the role that tendon plays in the healing outcomes following bone fracture, we must first understand how tendon functions and healing following injury. Tendons are critical for musculoskeletal function, with the primary purpose of attaching skeletal muscle to bone for postural stability and movement [56] [57] [58] [59] [60] . Because tendons are primarily under tensile loads, tears are difficult to repair and often require surgical intervention to reattach torn ends and regain function. The process of tendon healing following repair has been well characterized by tendon researchers for the past several decades and follows a similar pattern of wound healing to that of other injured tissues, including bone [61] [62] [63] [64] . First, a clot forms around the injury site to stabilize the torn tendon, and the formation and size of this clot around the wound is limited depending on the vascularity of the respective tendon [65] . An acute inflammatory phase quickly follows, which typically consists a bolus influx of growth factors and inflammatory mediators and invasion of extrinsic cells [46, [66] [67] [68] [69] . The short-term inflammatory phase is followed by a proliferative stage in which fibroblast proliferation is stimulated by release of growth factors from extrinsic cells [70] [71] [72] . A reparative phase then follows, as the proliferating and extrinsic cells deposit collagen and granulation tissue to stabilize and revascularize the injury site [73] . Finally, the remodeling phase follows, in which the newly deposited extracellular matrix becomes remodeled and organized and the cellularity and vascularity are reduced [73] .
Intact Tendon Maintains Mechanical Stability of Healing Bone
Mechanical stability and the local mechanical environment are required for optimal repair of injured tissues for both tendon and bone [14, 16, [74] [75] [76] . While complete immobilization is not ideal for either tendon or bone repair [4, 75, [77] [78] [79] [80] , too much loading can lead to failed repair, gapping (in tendon), and non-unions (in bone) [81] [82] [83] [84] . There exists a range of therapeutic loading that promotes tissue regeneration while allowing for sufficient healing processes [85, 86] . For both tendon and bone, interventions to optimize healing often control the weight bearing experienced by the tissue/affected joint as well as the constraints on tissue fixation, in order to minimize overloading, limit stress shielding of the repairing tissue(s), and encourage remodeling [17] . In the case of simple fracture, the stiffness of materials and the fixation method used to stabilize the healing bone are the primary factors that control micromotion and compression of the fracture site and thus control the quality of fracture repair [86] [87] [88] . In the context of complex fractures, soft tissue detachment and damage adds to the surgical complexity of repair, as well as reduces the stability of healing bone [87, 89, 90] . Although fractures do not need rigidly stable conditions for proper healing, bone healing outcomes depend on relative motion and load-bearing conditions between fractured components [16, 91] . Mechanical flexibility during the healing process can influence the size, stiffness, and composition of the formed callus, as well as duration of healing and risks of non-unions [4, [92] [93] [94] [95] . Thus, the magnitude of muscle loading and degree of stability are critical factors for healthy bone repair [56, 96, 97] . In case of concurrent injuries, both soft and hard tissues need to be stabilized, with additional stabilization of the fracture site, if necessary [8] . Yet, healing of ligament and tendon injuries-even if repaired-may be delayed due to adjacent bone damage and remodeling. For example, femoral and tibial fractures with concomitant ligamentous tear account for over 20% of unstable knees (varus/valgus laxity) after surgery [98, 99] , and this instability likely results from insufficient reintegration of ligament to bone following repair. Muscle loading plays a critical role in the realignment of fractured bone and is required for natural reduction [29] . Mechanical stability and loading is also critical in the context of tendon and tendonbone attachment healing following injury [75, 77, 78] . Postoperative immobilization and gradual increases in active range of motion during tendon healing are commonly accepted approaches for restoration of native tendon properties after injury [53, 100] . The use of animal models allows for exploration of isolated or concomitant injuries to elucidate the effect of loading and involvement of neighboring tissues on healing outcomes following bone fracture. Recently, we have shown that reduced tendon loading (via genetic ablation of Scx, which leads to significant defects in tendon formation) can significantly impair long bone fracture healing in mice, resulting in fracture callus asymmetry and fibrotic, scar-like repair of the femur [4] . Scx −/− mice also demonstrated substantial movement deficits and significantly reduced muscle mass compared to wildtype littermates, which may have exacerbated poor fracture healing [4] . In the ovine jaw, muscle loading via tendon detachment is required for reconstruction of the fractured mandible [101] . Isolated tendon injuries significantly impact the quality and structure of bone as well, as has been shown in several studies using small animal studies of isolated tendon injuries. Impaired healing of tendon-bone attachments is a consistent outcome following chronic muscle unloading [11, 77, 78] . Additionally, soft tissue injuries concurrent with fractured bone result in reduced stability of the associated joints [21, 102] . Tensile stability is a significant, although not only, requirement for sufficient bone and tendon healing.
Comorbidities such as peripheral vascular disease contribute to an increased risk of non-union or malunions [103] , and damage to peripheral vasculature increases with increasing fracture complexity [104, 105] . Damage to peripheral vasculature can impair the healing process by limiting the delivery of inflammatory and other biological factors, such as growth factors, to the repair site. Indeed, numerous basic science and translational studies have explored the effects of local and systemic delivery of biological factors on fracture healing.
Biological Factors That Influence Soft and Hard Tissue Healing in Complex Fractures
The effect of soft tissue damage on outcomes of fracture healing is not limited to mechanical stability. The complexity of the musculoskeletal system and interactions between interfacing tissues contribute to both hard and soft tissue healing.
Cortical bone non-unions may introduce direct cellular crosstalk between resident cells of periosteum, bone marrow, and soft tissues that otherwise might not physically interact [106] . Conversely, reduced soft tissue volume, such as in volumetric muscle loss, may lead to delayed and compromised fracture healing outcomes [45] . Tendon healing, similar to bone healing, is influenced by mechanical cues. The process of tendon healing relies on a combination of distinct cellular mechanisms that include the responsiveness of resident tendon fibroblasts (intrinsic), activation and proliferation of cells originating from the surrounding epitenon, sheath, fascia, and vasculature, and infiltration of inflammatory cells [46, 47, 53, 107, 108] . It remains unclear if the biochemical cues that promote healing and mechano-sensing in tendon are similar or different than those of bone. The competing or compensatory response of cells in each tissue environment may be dramatically influenced by damage or remodeling to surrounding tissues. Several factors that are important in bone regeneration and repair are also critical for tendon healing (Fig. 2) . Of primary focus in this review are insulin-like growth factor 1 (IGF-1) and the transforming growth factor-β (TGF-β) family members, myostatin and bone morphogenetic proteins (BMPs).
IGF-1
IGF-1, the most abundant growth factor in bone, also plays an important role in muscle and tendon healing. Increased levels of IGF-1 lead to increased deposition of collagenous matrix and increased ligament strength with and without mechanical loading [109] . IGF-1 is highly expressed during the early inflammation period of tendon healing and contributes to proliferation, migration, and activity of fibroblasts [108] . While the long-term contributions of IGF-1 to tendinosis are yet to be explored [110] , IGF-1 administration has been shown to decrease lesion size and inflammation, and increase cell proliferation [111] [112] [113] . Clinically, IGF-1 treatment shows promise for improving collagen synthesis in patellar tendon defects [114, 115] . Increased levels of IGF-1 lead to increased bone formation and stimulate inflammation through NF-κB pathway [116] . Growth hormone treatment with IGF-1 has shown promise for improved healing of open fractures [117] . Delivery of IGF-1 for therapeutic intervention is paramount, as local delivery has variable influences on bone regeneration [116, 118, 119] . Precision delivery of IGF-1 or in conjunction with IGF binding protein-3 [120, 121] to sites of bone damage may improve healing in the context of complex fractures.
TGF-β
TGF-β is a major player in biological processes of healing [122] , including in bone regeneration and healing [123] [124] [125] [126] . TGF-β also plays an important role during inflammatory and repair phases of tendon healing [127] [128] [129] [130] . TGF-β3 is abundantly expressed in embryo, and delivery of TGF-β3 during wound repair decreases scarring [128] and regulates TGF-β1 during collagen synthesis [131] . Conversely, increases in TGF-β1 has been associated with increased scar formation, collagen production, and fibrosis [127, 132, 133] , and TGF-β1 is upregulated after tendonbone injury and healing [134] [135] [136] . Administration of TGF-β1 during tendon healing can have a dramatic influence on tendon function and structure [137] , and these effects have been primarily explored using small animal models [138] [139] [140] [141] [142] . Therapies to deliver TGF-β show the potential to improve fracture and tendon healing [139, 143, 144] . However, considering the dual effect of TGF-β on fibrosis and collagen synthesis, optimal utilization and administration are dependent on the nature and site of the injury.
Myostatin
Myostatin is a well-known myokine that acts as a negative regulator of muscle mass and has recently been implicated in maintaining skeletal health. It is well appreciated that musclebone cross-talk contributes to musculoskeletal healing, and recent findings have elucidated to the role that myostatin might play in tendon development and healing [145] [146] [147] [148] [149] . Myostatin is a member of TGF-β family and acts to inhibit skeletal muscle growth as well as regulate bone shape [150] [151] [152] [153] . Myostatin-deficient animals, including mice and cattle, experience significant growth in muscle mass [154] [155] [156] , as well as increased cortical bone mineral density [157, 158] . However, myostatin-deficient mice have brittle and hypocellular tendons [148] . In addition, myostatin inhibition in vivo leads to increased osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) and proliferation of epiphyseal growth plate chondrocytes in vitro [159, 160] . The effect of myostatin on osteogenesis and chondrogenesis during early fracture healing is both tissue-specific and involving tissue cross-talk [153] . Local inhibition of myostatin can improve bone restoration, leading to increased calcification and osteogenic differentiation, making myostatin a potential target molecule for improving bone repair [161] [162] [163] . However, at the time of this review, myostatin inhibitors are only being used in clinical trials for treating muscle disorders-specifically, for treating Duchenne's muscular dystrophy-and are not being used to treat bone or tendon injuries. In addition, two phase II clinical trials by Pfizer using the investigational drug, domagrozumab (a monoclonal anti-myostatin antibody that blocks myostatin function), were recently terminated because the trials did not meet their primary efficacy end points. Regardless, the inhibition of myostatin holds promise not only for restoring muscle function, such as in cases of extensive muscle injury, but to help reduce fibrosis during the early phases of bone repair. Preclinical studies investigating the role of myostatin in bone fracture healing may help lead to new interventions for effective non-union fracture recovery as well as complex fracture with concurrent soft tissue injuries [153] .
BMP
The osteo-inductive effects of BMP make this family of proteins an attractive therapeutic for improving fracture Fig. 2 Many of the biological pathways of tendon and bone healing are similar and suggest the potential for crosstalk in the healing/regenerative stages. Specific growth factors described in this review include TGF-β, IGF, myostatin, and BMP and their influence on the structure and properties of healing tendon and bone healing [164] [165] [166] [167] [168] [169] . Similar to myostatin, BMPs belong to the TGF-β superfamily of proteins. Of about 20 different BMPs currently known, BMP-2 and BMP-7 are best known for their role in promotion of osteoblast differentiation and fracture healing [14, 170, 171] , and recombinant BMPs have been previously used for treating high-energy open fractures and non-unions [172] [173] [174] . BMP signaling is also important for tendon healing, as it is activated by dynamic mechanical loading [175] [176] [177] and during tendon healing [177] . BMP signaling also offers a potential avenue for treating isolated tendon defects [178] [179] [180] [181] . During development, BMP-4 regulates tendon length during development, and BMP signaling regulates cell differentiation at the interface between tendon and bone [182, 183] . Unfortunately, BMP activation can also impair tendon healing, primarily by promoting ectopic calcification [50, [184] [185] [186] . The progression of tendinopathy can lead to the accumulation of BMP-2, regions of ossification, and transformation of fibrous tissue into ectopic bone/cartilage, a process that resembles the formation of bone during development [50] (Fig. 1d-i) . Indeed, patterns of BMP-2 expression at different stages of fracture callus progression (Fig.  1b, c ) match BMP-2 localization in tendon fibroblasts during progressive tendinopathy (Fig. 1g) . Even without overt tendon damage, this is a significant problem for patients with fibrodysplasia ossificans progressiva (FOP), a rare autosomal dominant disorder that is caused by constitutive activation of activin A type I receptor gene (ACVR1), a receptor for BMP [187] . In patients with FOP, the BMP type I receptor, activin receptor-like kinase-2 (ALK2), is constitutively active and leads to progressive and widespread ossification of connective tissues, such as tendons, which significantly limits mobility, function, and life span [187] [188] [189] . Because of the known and dramatic consequences of soft tissue calcification both during fracture healing and with recombinant BMP-2 treatment, precision approaches for delivery of anabolic drugs like BMP-2 are needed.
Conclusions
Healing of bone following fracture is complicated by the involvement of surrounding connective tissues, like tendon, which can delay or disrupt the reintegration and function of both tissues. Tendon injuries with bone fracture are often overlooked, and delayed treatment of tendon injuries can lead to long-term musculoskeletal issues. The ability to repair bone following fracture relies on the mechanical cues from tendon, yet the role damaged tendon plays in the process of fracture healing is an underexplored area of orthopedics. A need exists to identify mechanisms that promote both bone healing and tendon repair following complex fracture that include functional stabilization and control of biological signaling.
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